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Summary
Isolated population groups are useful in conducting association studies of complex diseases to avoid various pitfalls,
including those arising from population stratification. Since DNA resequencing is expensive, it is recommended that
genotyping be carried out at tagSNP (tSNP) loci. For this, tSNPs identified in one isolated population need to be used in
another. Unless tSNPs are highly portable across populations this strategy may result in loss of information in association
studies. We examined the issue of tSNP portability by sampling individuals from 10 isolated ethnic groups from India.
We generated DNA resequencing data pertaining to 3 genomic regions and identified tSNPs in each population. We
defined an index of tSNP portability and showed that portability is low across isolated Indian ethnic groups. The extent of
portability did not significantly correlate with genetic similarity among the populations studied here. We also analyzed our
data with sequence data from individuals of African and European descent. Our results indicated that it may be necessary
to carry out resequencing in a small number of individuals to discover SNPs and identify tSNPs in the specific isolated
population in which a disease association study is to be conducted.
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Introduction
In genetic association studies for complex diseases, al-
though resequencing of cases and controls is ideal, it is not a
feasible option for most researchers. Therefore, the current
approach is to rely on linkage disequilibrium (LD) among
polymorphic markers – commonly, single nucleotide poly-
morphisms (SNPs) – and to choose markers that are not in
complete or strong LD. Various algorithms have been de-
veloped (Zhang et al. 2005; Stram, 2005) to select a max-
imally informative set of markers, called tagSNPs (tSNPs),
in a population. All these algorithms rely on estimates of
LD among SNPs. However, the strength of LD among
marker pairs in a genomic region is strongly influenced
by the demographic history of the population (Stumpf
& Goldstein, 2003). Thus, populations with differing de-
mographic histories exhibit different LD patterns for the
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same genomic region. This implies that a set of tSNPs
selected in one population may not represent a maxi-
mally informative set of SNPs in another population. Thus,
in terms of study design, unless there is portability of
tSNPs across populations it may not be wise to use tSNPs
chosen in one population for conducting an association
study in another population. The HapMap database is a
rich resource for selecting tSNPs, but their portability to
other populations is uncertain. One recent study (Huang
et al. 2006) has shown that tSNPs selected from continen-
tal populations represented in the HapMap database are
portable to other populations in East Asia with reasonable
efficiency.
Not many studies have yet been carried out to investigate
tSNP portability across isolated ethnic populations, and to
compare these results with continental populations. In a
study (Conrad et al. 2006) carried out using 52 geograph-
ically dispersed populations and a 12Mb genomic region,
it was found that 83% of common 20kb haplotypes in a
population are also common in the HapMap population
with the highest genetic affinity. However, even this study
used some ethnically ill-defined populations (e.g. Russian,
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Cambodian). Investigation of tSNP portability across
isolated populations is important, because the usefulness of
isolated populations for mapping complex traits has been
recognized and emphasized (Peltonen et al. 2000). Fur-
ther, population stratification can have a major impact on
the results of an association study (Cardon & Palmer, 2003;
Freedman et al. 2004); therefore, it has been recommended
that cases and controls for an association study be chosen
from a defined population group and not from a conglom-
erate population. However, it is hardly possible to carry out
resequencing and identify tSNPs in every isolated popu-
lation from which samples will be drawn for an associa-
tion study. Thus, the nature and extent of tSNP portability
among isolated populations living in geographic proximity
is an issue that deserves attention.
In this study we resequenced three genes, compris-
ing a total of 12Kb, in 160 individuals chosen from 10
ethnically and geographically disparate populations from
India. We introduced a measure of tSNP portability across
populations and carried out an empirical study among the
10 Indian ethnic groups. We examined whether the pat-
tern of portability among the populations correlates with
the pattern of genetic affinities estimated using a different
set of markers from these populations. We also performed
comparative analyses with two continental populations for
which sequence data were available from the SeattleSNPs
Project (http://pga.gs.washington.edu/).
Materials and Methods
Study Populations and Samples
We studied 10 ethnic population groups from India. These pop-
ulations were chosen so as to represent the social, cultural, lin-
guistic and geographical diversity of India. The tribal groups are
the autochthonous populations of India. The vast majority of
Indian populations belong to the Hindu caste fold. Individuals
belonging to these populations, both tribal and caste, predomi-
nantly marry within their own group and are therefore relatively
Table 1 Names, sample sizes, ethnic characteristics and geographical locations of Indian population groups included in this study
Population Name (Code) Geographical region of habitat and sampling Social group Linguistic group Sample size
Iyer (IYR) South (neighbourhood of Chennai city) Caste Dravidian 17
Kadar (KAD) South (Nilgiri Hills) Tribe Dravidian 16
Koknasth Brahmin (KBR) West (neighbourhood of Mumbai city) Caste Indo-European 16
Manipuri Brahmin (MNP) North-east (rural areas of Manipur State) Caste Tibeto-Burman 11
Maratha (MRT) West (neighbourhood of Mumbai city) Caste Indo-European 15
Muria (MUR) Central (neighbourhood of Raipur city) Tribe Dravidian 16
Mizo (MZO) North-east (neighbourhood of Aizawl city) Tribe Tibeto-Burman 21
Santal (SAN) East (rural areas on the border of West Bengal and Bihar States) Tribe Austro-Asiatic 16
Saryupari Brahmin (SBR) Central (neighbourhood of Raipur city) Caste Indo-European 16
Bengali Brahmin (WBR) East (neighbourhood of Kolkata city) Caste Indo-European 16
unadmixed. Dialects belonging to the Austro-Asiatic linguistic
family are spoken exclusively by the tribal people of India. The
other languages used in India by caste and tribal groups are Dra-
vidian, Tibeto-Burman and Indo-European. Descriptions of the
populations are provided in Table 1; from each population we
sampled phenotypically normal individuals (comprising approx-
imately equal numbers of males and females) who were unre-
lated at least to the first-cousin level; sample sizes are provided in
Table 1. Ten mL blood was drawn by venipuncture, with insti-
tutional ethical approval and informed consent, from each indi-
vidual. High molecular weight genomic DNA was isolated from
each blood sample, either by the salting-out method (Miller et
al. 1988) or using a column (QIAGEN).
For purposes of comparison of results obtained from the Indian
population groups studied we downloaded relevant genotype data
– derived on the basis of resequencing – from the SeattleSNPs
database (http://pga.gs.washington.edu/). The SeattleSNPs data
pertain to individuals of European (EUR) and African (AFR)
descent.
Genes
We considered three genes in this study: ADRB2 (chromo-
somal location: 5q31-q32, nucleotide positions: 148186369..
148188379), TNF (6p21.3, 31651329..31654091) and ICAM1
(19p13.3-p13.2, 10242779..10258291). In connection with a
study on cardiovascular diseases, undertaken by us, we chose these
genes because of their relevance. Parenthetically, we may add that
the questions investigated in this study arose in connection with
designing this study in ethnic groups of India.
In addition, to test the hypothesis that the extent of tSNP
portability among populations positively correlates with genetic
affinities, we used data for 69 binary Y-chromosomal markers to
estimate frequencies of Y-chromosomal haplogroups in the study
populations (Sengupta et al. 2006).
DNA Analysis
After repeat-masking we designed overlapping primers for the
exons of these genes and carried out double-pass resequenc-
ing for every individual. (Primer sequences and amplification
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protocols are available from PPM on request.) The number of
bases resequenced for each individual were ∼3kb, ∼3kb and
∼6kb, respectively, for the ADRB2, TNF and ICAM1 genes
(including about 1 kb upstream of each gene). If any genotype
differed between the forward and reverse sequencing passes, the
sample was sequenced again and all differences were eventually
resolved.
Males drawn from these populations were screened for 69 bi-
nary Y-chromosomal markers, following the protocol given in
Sengupta et al. (2006). Based on these data we classified individ-
uals into haplogroups following the Y Chromosome Consortium
(2002) nomenclature, and estimated haplogroup frequencies for
each population. It may be noted that only a subset of males used
for estimating Y-haplogroup frequencies was used for resequenc-
ing autosomal genes.
Statistical Analysis
The DNA sequences were analysed using the Polyphred pack-
age (http://droog.mbt.washington.edu/PolyPhred.html), and
genotypes of individuals were determined. Loci with mi-
nor allele frequency (MAF) <0.05 in all population groups
were not considered for further analysis. Based on geno-
type data at the polymorphic loci, we identified tSNPs
separately for every population using the Tagger package
(http://www.broad.mit.edu/mpg/tagger/) with cut-off for r2 set
at 0.8. Downloaded genotype data pertaining to the three genes
under consideration from the SeattleSNPs database for individ-
uals of European and African descent were also analyzed using
these packages and cut-off values.
We used the following measure of portability, π (P1 > P2), for
tSNPs chosen in population P1 to population P2. Our measure of
tagSNP portability stems from a definition of a tagSNP, originally
proposed by Johnson et al. (2001) [see also, Zhang et al. (2005)].
Suppose there are L polymorphic sites in population P1. Based
on these L sites, suppose the estimated number of haplotypes in
the population P2 is M, and the estimated frequency of the i-th
haplotype in this population is fi (i = 1, 2, . . . , M). Then, the
haplotype diversity in population P2 is: HP2 = 1−
∑M
i=1 f
2
i .
Suppose in population P1, of the L polymorphic SNPs, T are
tagSNPs. If we wish to use these T tSNPs identified in popula-
tion P1 to carry out a study in population P2, then these tagSNPs
are appropriate for use in P2 they explain a “large” proportion
of the total haplotype diversity of P2. Suppose, based on the T
tSNPs, the set of M haplotypes in population P2 reduces to M∗ .
Let the frequency of the j-th haplotype (each of length < T SNPs)
be g j; j = 1 , 2, . . . , M∗ . (Obviously, each of the M∗ haplotypes
is obtained by collapsing a certain number of the original M hap-
lotypes, and the frequency g j of the j-th “collapsed” haplotype
is obtained by adding the estimated frequencies of the corre-
sponding original haplotypes.) Then, the haplotype diversity in
P2 based on the frequencies of the M∗ “collapsed” haplotypes is:
HP2∗ = 1−
∑M∗
j=1 g
2
j . Hence, the proportion of the total hap-
lotype diversity in P2, HP2 , explained by the haplotypes based
on the tagSNPs identified in P1 is:
HP2 ∗
HP2
. We call this ratio the
portability index π (P1 > P2). Obviously, the higher this ratio is the
better the usefulness in population P2 of the tagSNPs identified
in P1. We note: (a) 0 < π (P1 > P2) < 1; (b) π (P1 > P1) < 1 and
is <1 if some of the non-tagged SNPs are not in complete linkage
disequilibrium with the selected tSNPs; (c) π (P1 > P2) = 0 if all
of the tSNPs selected in P1are non-polymorphic in P2; and, (d)
π (P1 > P2) may not be equal to π (P2 > P1). If multiple unlinked
genes or genomic regions are considered, then for each gene or
genomic region the portability index can be calculated separately
and averaged to yield an overall index of tagSNP portability. A
determination of the quality of portability may be based on the
empirical distribution of π (P2 > P1). We suggest the quality of
portability be classified as (a) “High”, if an observed value of π >
π + s π ; (b) “Low”, if π < π − s π ; and, (c) “Moderate”, if
π − s π< π < π + s π , where π is the average of π and s π is
the standard deviation of π . We recognize that the cut-off points
on the distribution of π are somewhat arbitrary; other possible
cut-off points may also be used.
Haplotypes were constructed using Haploview (http://www.
broad.mit.edu/mpg/haploview/). In this software haplotypes are
estimated using an accelerated EM algorithm similar to the par-
tition/ligation method (Qin et al. 2002).
To estimate genetic affinities among the populations we used
Y-haplogroup frequencies and calculated the (1-DA) index (Nei,
1987) between pairs of populations. A neighbor-joining tree
(Saitou & Nei, 1987) depicting genetic affinities among the pop-
ulations was also computed based on the matrix of pairwise dis-
tances. To examine whether there the extent of tSNP-portability
among populations correlates with genetic affinities, we carried
out a non-parametric Mantel (1967) test using the two matrices
corresponding to π and (1-DA) between pairs of populations.
The test was carried out using the zt software (Bonnet & van de
Peer, 2002).
Results
Details pertaining to the number of SNPs in the vari-
ous study populations, and the number of SNPs shared
among individuals drawn from Indian ethnic groups and
of AFR and EUR descent are provided in Table 2. Ex-
cept for ICAM1, in which a large number of SNPs present
among individuals of AFR and EUR descent were not
found among Indian ethnic groups, the extent of shared
SNPs for the other two genes (ADRB2 and TNF) was
high. Indian ethnic groups seem to harbour a small num-
ber of “private” SNPs. For ICAM1, the extent of SNP-
sharing was higher between individuals of AFR and EUR
descent compared to the extent of sharing with Indian eth-
nic groups; this feature was not observed for ADRB2 or
TNF. Details of SNP loci and allele frequencies at these
loci are provided in online Supplementary Table 1. We
noted that there is considerable variability in allele frequen-
cies across populations; at some loci an allele that is “mi-
nor” in several populations is the “major” allele in other
populations.
SNPs that were found to be tagging in each of the popu-
lations are presented in Figure 1. The matrix of portability
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Table 2 Statistics pertaining to the SNPs
in the three genes studied
ADRB2 TNF ICAM1
Total no. of SNPs in Indian, AFR and EUR populations 14 11 39
No. of SNPs present in at least one Indian ethnic group 13 11 17
No. of SNPs in Indian ethnic groups that are unreported
in dbSNP∗ 2 1 5
No. of SNPs shared between:
Indian and AFR populations 10 3 4
Indian and EUR populations 10 5 3
AFR and EUR populations 10 2 12
∗These unreported SNPs are also absent among individuals of AFR and EUR descent
resequenced in the SeattleSNPs project.
index, averaged over the three genes, between pairs of
populations is presented in Table 3. These matrices sep-
arately for each of the three genes are presented in on-
line Supplementary Table 2. The distribution of observed
values of the portability index is presented in online Sup-
plementary Figure 1. The mean and standard deviation
of the observed values of portability index were, respec-
tively, 0.816 and 0.131. Using the cut-off points suggested
by us, the values of which were 0.947 and 0.686, it is
clear from Table 3 that portability of tagSNPs from MNP
to most other populations was low (since the values of
portability index from MNP to the other populations were
<0.686). Similarly, the tSNP portability from most other
populations to MNP was also low. The vast majority of
populations showed moderate levels of tSNP portability
(0.947 > π > 0.686). The nature or extent of portability
does not seem to depend on ethnic or geographical char-
acteristics of the populations. That is, we did not find that
tSNPs selected in a caste (tribal) population were portable
across other caste (tribal) populations. Nor did we find that
tSNPs selected in a population inhabiting north-east India
were portable to other populations living in that geographi-
cal area, but not to those living in other areas. We also noted
that portability of tSNPs across (both from and to) the
European (EUR) population and Indian ethnic pop-
ulations was higher compared to the African (AFR)
population. However, the portability of tSNPs from
the EUR population to most Indian ethnic popula-
tions was only moderate. This obviously has implica-
tions for the use of tSNPs chosen from the HapMap
database for use in designing studies in Indian population
groups.
These features regarding portability of tagSNPs are ob-
viously a reflection of the variability of LD values across
isolated populations, and with continental groups such as
AFR and EUR. Variability of LD values across populations
is strongly dependent on the variability of demographic
histories of the populations. We, therefore, sought to ex-
amine whether the pattern of tSNP portability correlated
with the pattern of genetic affinities among a set of isolated
populations, assuming that genetically similar extant popu-
lations had similar demographic histories. The Mantel test
of correlation between tSNP portability and genetic simi-
larity, based on frequencies of Y-chromosomal haplogroups
between pairs of populations (Table 4), was not significant
(r¯ = 0.178; one-tailed p¯-value = 0.155).
Discussion
Since the usefulness of isolated population groups in the
study of complex traits has been emphasized (Peltonen
et al. 2000), it is of importance to assess whether tagSNPs
are portable across such populations. With this aim in mind
we resequenced 3 genes in 160 individuals drawn from 10
ethnic groups from India, and downloaded available se-
quence data pertaining to individuals of African and Eu-
ropean descent. In each group we identified tagSNPs and
calculated a measure of tSNP portability between pop-
ulations. We found that there was considerable variation
in the extent of tSNP portability between Indian eth-
nic groups, and to AFR and EUR populations (Table 3).
This indicates that there is considerable variation among
Indian ethnic groups in the pattern of linkage disequi-
librium among SNPs within genomic regions. There is
no clear concordance between the magnitudes of portabil-
ity (Table 3) and geographical region of habitat, linguistic
affinity or socio-cultural affinity (Table 1). The pattern of
tSNP portability did not significantly correlate (Mantel test
p-value = 0.155) with genetic affinities among the Indian
populations. This finding is somewhat surprising, and is
indicative of differential evolutionary pressures across pop-
ulations shaping genetic affinities and linkage disequilibria
among SNPs.
Our finding on portability of tSNPs raises caution, be-
cause it indicates that although isolated populations are
useful in the study of complex disorders (Peltonen et al.
2000), tSNPs identified in one isolated population
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Figure 1 Characteristics of SNPs in three genes in 10 ethnic groups of India and in groups of individuals of African
(AFR) and European (EUR) descent
∗Details of Indian ethnic groups are provided in Table 1.
∗ ∗Based on resequencing data downloaded from SeattleSNPs (http://pga.gs.washington.edu/)
may not be profitably used to carry out a similar study
in another isolated population. This finding is at vari-
ance with findings from more conglomerate populations
(Huang et al. 2006). It is also inconsistent with the
finding of Rosenberg et al. (2006) that there is a low
level of genetic divergence among the population groups
of India. With low genetic divergence among popula-
tions one would expect a high level of tSNP portability
across these populations, which is not what we found.
While the reason for this inconsistency is unclear to
us, we note that in Rosenberg et al.’s (2006) study (a)
no Indian tribal populations were included, and (b) In-
dian linguistic groups that were included (e.g, Bengali,
Hindi, etc.) are actually “mixed” ethnic groups from a
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Figure 1 Continued
Table 3 Values of portability index, π (P1 > P2), from population P1 along the columns to population P2 along the rows∗
IYR KAD KBR MNP MRT MUR MZO SAN SBR WBR AFR EUR
IYR 1 0.9 0.999 0.653 0.89 0.902 0.851 0.823 0.91 0.889 0.695 0.815
KAD 0.885 0.998 0.864 0.618 0.681 0.855 0.716 0.702 0.887 0.842 0.769 0.765
KBR 0.995 0.898 0.997 0.628 0.756 0.904 0.742 0.716 0.904 0.88 0.724 0.787
MNP 0.667 0.641 0.62 0.962 0.597 0.642 0.642 0.636 0.642 0.579 0.562 0.537
MRT 1 0.894 1 0.615 0.988 0.946 0.946 0.886 0.946 0.892 0.6 0.88
MUR 0.87 0.841 0.87 0.653 0.782 1 0.869 0.795 0.999 0.865 0.827 0.88
MZO 0.872 0.898 0.869 0.725 0.849 0.963 0.963 0.866 0.964 0.838 0.608 0.79
SAN 0.946 0.98 0.945 0.64 0.881 0.946 0.946 0.952 0.994 0.941 0.689 0.856
SBR 0.9 0.927 0.897 0.646 0.738 0.998 0.892 0.791 1 0.887 0.77 0.84
WBR 0.926 0.886 0.997 0.646 0.699 0.926 0.785 0.752 0.926 0.997 0.763 0.804
AFR 0.722 0.701 0.707 0.539 0.539 0.814 0.545 0.557 0.842 0.707 0.877 0.801
EUR 0.787 0.755 0.78 0.585 0.681 0.947 0.703 0.687 0.951 0.78 0.905 0.962
∗Bold entries indicate “high portability” and italicized entries indicate “low portability”; other values indicate “moderate portability”.
Table 4 Genetic similarity index (1-DA)
between pairs of populations based on Y-
haplogroup frequencies
IYR KAD KBR MNP MRT MUR MZO SAN SBR WBR
IYR∗ ∗ ∗ ∗ 0.159 0.777 0.447 0.764 0.166 0.036 0.136 0.823 0.642
KAD ∗ ∗ ∗ 0.248 0.000 0.439 0.747 0.572 0.712 0.146 0.111
KBR ∗ ∗ ∗ 0.490 0.731 0.179 0.039 0.054 0.874 0.847
MNP ∗ ∗ ∗ 0.224 0.000 0.401 0.000 0.572 0.601
MRT ∗ ∗ ∗ 0.518 0.096 0.134 0.704 0.597
MUR ∗ ∗ ∗ 0.392 0.506 0.175 0.211
MZO ∗ ∗ ∗ 0.638 0.038 0.045
SAN ∗ ∗ ∗ 0.143 0.063
SBR ∗ ∗ ∗ 0.864
WBR ∗ ∗ ∗
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genetic viewpoint, because there are multiple endogamous
castes within a linguistic group. Service et al. (2007) also re-
ported that HapMap CEU tSNPs performed more poorly
in samples from Costa Rica (CR), the Azores (AZO)
and Antioquia (ANT) than in samples from, for example,
Finland or Newfoundland. They surmised that the reason
for this may be that the CR, AZO and ANT populations
are characterized by more extensive derivation from non-
European populations compared to the other populations
analyzed by them. We note that the primary contemporary
issue is whether tSNPs from the populations included in
HapMap are portable to the Indian ethnic groups. Since
the HapMap data were not generated by resequencing, in
the genes considered by us there were only a small number
of SNPs that were interrogated in the HapMap project.
Therefore, we are unable to comment on the portabil-
ity of tSNPs identified from the HapMap data to Indian
ethnic groups. However, our finding that portability of
tSNPs from individuals of European descent (based on rese-
quencing) to Indian ethnic groups is generally “moderate”,
suggests that portability of HapMap tSNPs will possibly be
moderate, at least from the CEU population. Similarly, our
results from individuals of African descent indicate that the
portability of tSNPs chosen from the YRI population to
Indian ethnic groups will be low. We also note that there
are some large-scale resequencing projects that are ongoing
in multiple Indian populations (Indian Genome Variation
Consortium, 2005). One objective of these projects is to
identify tSNPs in some population groups, so that these can
be used in case-control association studies in other popu-
lations. However, as our results indicate, the feasibility of
this may only be moderate.
We recognize two important limitations of our study:
(a) we have studied short genomic regions, totalling
∼12 kb, and (b) the sample size of each population included
in this study was limited. Our conclusions, therefore, need
to be validated with larger sample sizes and longer genomic
regions. Our finding that the portability of tSNPs in the
EUR population to Indian ethnic groups is higher com-
pared to the AFR population is supported by earlier genetic
studies, which indicated that Indian populations, particu-
larly those belonging to the Hindu caste fold, are closer
to European than to African populations (Bamshad et al.
2001). Of course it is possible that a pair of genetically
close extant populations may have considerably different
demographic histories. Our study, therefore, indicates that
it may be necessary to exercise some caution in using tSNPs
identified in one isolated population for disease association
studies in another isolated population. It may be necessary
to carry out resequencing in a small number of individuals
to discover SNPs and identify tSNPs in the specific isolated
population in which the disease association study is to be
conducted.
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